Safety is a key issue in the context of bicycle promotion strategies. Because such initiatives rely on a sound data basis, the road network's quality is usually assessed with a focus on bicycle safety. In this paper the indicator-based assessment model is presented as an efficient alternative to commonly used assessment models. The applicability of this GIS approach is demonstrated in a case study, where the model is applied on two different, but adjacent network data sets with diverse data models.
Safety Issues and Bicycle Usage
Transportation systems, especially in urban environments, tend to collapse due to increasing traffic loads and limited capacities. Apart from this, the negative side effects of a high share of motorized traffic in the modal split are constantly growing: urban areas suffer from negative ecological, economic and social impacts, such as pollutant emission (KEUKEN et al. 2005) , externalities of e.g. traffic congestions (LIEB & SOMMER 2007 , TIMILSINA & DULAL 2011 , or social-environmental injustice (LAKES et al. 2013 , LAUSSMANN et al. 2013 . The limited capacities, in conjunction with the negative impacts, have brought the bicycle into the focus of planners, authorities and researchers as an urban transportation alternative (MESCHIK 2012) . Countless studies have been praising the bicycle as a sustainable, cost-efficient mode of transport (SAELENSMINDE 2004 , NEWMAN & MATAN 2012 , RUTTER et al. 2013 , and large investments have been made in order to build or improve bicycle infrastructure. These investments have definitely led to a rising number of cyclists (see e.g. PUCHER et al. 2010) . But still, there are some parameters which keep people from using their bicycle as an everyday mode of transportation. Besides the weather, travel comfort, or simply car-centred mobility habits, safety concerns are a valid objection to bicycle usage (WEGMAN et al. 2012 ).
This fact has been widely anticipated in research and transportation politics. THOMAS & DEROBERTIS (2013) state that only if the real and perceived safety risks are tackled, the benefits of an increasing bicycle share can be realized. This assumption is backed by numerous studies which have proven that cycling is a healthy mode of transport (see e.g. HOLM et al. 2012 ), but, in relation to the overall travel distance, a rather dangerous one (JUHRA et al. 2012 ).
This limitation inevitably leads to the situation that on the one hand the demand for sustainable transportation systems exists, and on the other hand the bicycle would be an ideal alternative, but safety issues hamper an expanded bicycle usage to a certain degree. Hence, in the wake of the UN decade of action for road safety (www.un.org/en/roadsafety), the World Health Organization calls for safer bicycle infrastructures as an incremental part of the promotion of sustainable transportation systems: "Policies to encourage walking and cycling need additional criteria to ensure the safety of these road users. [...] Promoting city cycling to reduce congestion cannot be encouraged if cyclists repeatedly find that their lanes cut across oncoming traffic." (WHO 2013, 30) .
In order to follow this recommendation, strategies for bicycle promotion must address the need for a high-performance and safe infrastructure, as well as user-specific information offers, with special regard to road safety. For both aspects, a solid data basis is of crucial importance. Here, geographic information systems (GIS) can significantly contribute to consolidating existing data, as well as to analyse them, and, finally, to add extra value through advanced modelling approaches. In the following, the focus is on road network quality assessment with regard to bicycle safety. The result of such an assessment can be used for status-quo analysis, for efficient planning processes and for information purposes, such as routing applications.
The rest of this paper is structured as follows: in chapter 2 the shortcomings of three commonly used methods for quality assessment are briefly discussed. Building on that, a GIS-based model approach is presented. In a case study, the applicability of this approach even for a heterogeneous data basis is demonstrated. The paper closes with a short conclusion and an outlook.
Assessing Bicycle Safety Risks
Road networks are commonly maintained by public authorities, who are also responsible for ensuring and improving road safety. GI systems facilitate a structured administration of all relevant road-related data. Generally the road network is stored as a geometrical dataset (graph consisting of lines = segments and nodes = junctions). Related information can then be attached as attributes to any network element. For the determination of the network's quality in terms of road safety, three main approaches are currently applied: expert assessment, accident analysis or aggregated user feedback.
Expert Assessment
Based on a catalogue of criteria, or on individual judgments, experts assess the quality of single road segments. Such approaches can result in index values, ordinal rankings, or simply verbal descriptions for every considered road segment.
From a modelling and analysis perspective, expert assessments are problematic for at least three reasons: 1. The result heavily depends on the personal judgment of the expert. This is especially the case when no -or only a rudimentary -catalogue is used. In practice, grades or verbal descriptions are most often used. Such an approach can lead to fuzzy classification results which are only of limited use for further analysis.
2. An assessment standard independent from time, location and person can hardly be established. This leads to heterogeneous, non-comparable results for different areas or time intervals. 3. A re-assessment is necessary after every physical modification of the road space. Thus, depending on the update intervals, the expert assessment approach requires by far the most effort.
Expert knowledge is essential in any assessment approach at different stages (from parameter selection to the analysis of results). But for a global approach the results from expert assessments are too vague, especially if the required effort is taken into account.
Accident Analysis
The deduction of quality measures from accident locations is a quite common approach (e.g. KIECHLE et al. 2013 ), although it is based on a conceptual fallacy. From the absolute number of accidents 1 (for an extensive discussion of the problematic data availability see ITF (2012)), one can neither conclude that certain locations are unsafe, nor that segments with fewer accidents are safer. As the number of accidents is related to the bicycle load, no conclusions about the quality of the road segment can be drawn. The same holds true if temporal effects, such as construction work, account for an increase of accidents. Even if these false conclusions are not considered, one cannot deduce that road segments without or with fewer accidents are safer than others, as the following example illustrates:
On a cycle way with a high load of bicycles a certain amount of accidents per year are reported. A primary road with very much motorized traffic and without any bicycle infrastructure runs parallel to this cycle way. This road is avoided by most bicyclists (= low bicycle load). There are no accidents reported where bicyclists are involved (= low number of accidents). A quality assessment which is exclusively based on reported accident locations, would falsely rank the primary road higher than the cycle way.
The analysis of accident locations is a very important task. It allows for better understanding of risk factors and it can help to detect and mitigate accident hotspots. But it cannot be used for a global road network quality assessment.
User Feedback
Using collective direct or indirect (e.g. Twitter messages) user feedback for quality assessment is a promising approach. Nevertheless there are at least three drawbacks which need to be considered in this context: 1. Feedback is not equally distributed over space. For central areas the number of feedback messages might be sufficient, but for a global application the sample size is too small.
2. Voluntary user feedback is biased in several ways (see BROWN et al. (2014) , BOYD & CRAWFORD (2012) for an extensive discussion). The sample is not representative, and thus can hardly be used for general assessment purposes. 3. In order to transfer verbal, qualitative feedback into reliable conclusions, sophisticated (semantic) algorithms are required.
User feedback is very helpful for the validation and calibration of assessment models. Furthermore it can help to improve infrastructure very efficiently. But a global quality assessment that relies entirely on user feedback is not reliable, and thus applicable for the reasons mentioned above.
Indicator-based Assessment Model
GI systems offer unique possibilities for the assessment of spatial entities, in this case road networks. Within a GIS, road-related data can be not only stored, but also modelled and analysed. Based upon this ability, an indicator-based assessment model with regard to bicycle safety was initially developed by LOIDL & ZAGEL (2010) . This approach has been constantly refined and optimized in order to make it applicable on a meta-level, with different underlying data sources and models.
Fig. 1:
Conceptual difference and interaction between conventional assessment approaches and the indicator-based assessment model
The basic idea of the indicator-based assessment model is to identify those indicators which contribute to the potential risk, such as presence and design of bicycle infrastructure or motorized traffic load. These parameters are then weighted and compiled in a GIS-model. Assessment methods such as those described in the previous section are used for validation and calibration (see figure 1) .
Model Development
The initial point of the model development is to identify factors ("indicators") which contribute to potential safety threats or accidents. This is typically done by literature review, expert, and user interviews, and/or systematic accident analysis (see figure 2).
Fig. 2:
Results of a visual bicycle accident analysis (n = 3.096) regarding maximum speed and traffic load
In a further step, the digital equivalents to these real-world physical indicators are determined. In this context the data model and attributive structure of the underlying data source are key factors, as will be demonstrated in the case study.
Based on empirical studies (e.g. HARKEY et al. 1998), expert knowledge, and user experiences, weights are assigned to each indicator. These weights express the relative influence of each indicator on the overall quality (in this context the safety risk). Depending on the environment, data availability, or user's preferences, the weights can be adjusted.
In the final assessment model the selected indicators with their respective weights are compiled. The model's design is linear and results in a dimensionless index value, where low values express a low safety risk and vice versa. The linear design allows for adding or removing indicators without any effect on the model's technical performance. Generally the more indicators that are used, the higher the explanatory power (given that the indicators are not redundant).
Fig. 3:
Iterative workflow of model development (section 3.1), application, evaluation and calibration (section 3.2)
Model Application, Evaluation and Calibration
The indicator-based assessment model can be applied in any GIS for the calculation of the index value for every road segment. The computed result is then evaluated by experts and users. If necessary, the model can be iteratively adapted either on the level of the indicators or the weights.
The main advantages of this modelling approach for quality assessment are:  Transparency: the composition of the resulting index value can be traced back to the very smallest building block of the model.  Comparability: due to the global application of the model the results within the area of interest can be easily compared.  Adaptability: through the linear model design and the weights, the model can be adapted to any environment, data availability or user preferences. Thus it is easily transferable (in a geographical and thematic sense) and geographically scalable.  Reproducibility: Once the model is compiled it can be integrated in automatic assessment workflows. This allows for short update intervals and employment in simulation routines.
Generally the indicator-based assessment model is designed for an application on a homogenous data basis. This means, that the data model and the attributive structure is consistent. In the following case study a workflow for the application of the assessment model for two networks with different data models is presented.
Case Study
Potential safety threats are different in urban and rural environments, respectively. As the road space in urban areas is much more complex, more indicators need to be considered than in rural areas. In return, the impact of single indicators, such as the maximum speed for motorized vehicles, is higher on country roads. For a seamless quality assessment across different environments, the indicator-based assessment model has to be adapted and integrated into a multi-stage workflow. The following case study is taken from an applied research project, where the results of the assessment were used as impedance in a crossborder online routing application for bicyclists (www.radlkarte.eu).
Study Area and Data
The study area is located in the Austrian-German border region around the city of Salzburg (see figure 4) . The indicator-based assessment model has been applied to the whole road network. Apart from the different environments (urban/rural), network datasets from two data sources with different data models had to be incorporated. 1. For the city of Salzburg an authoritative dataset from the city administration was used.
The data model of this data set is rather basic. For every road only the centre-line is represented as an edge, no matter whether there are several, physically separated lanes (e.g. main road with separated cycle way) or not. The cross-section of the road is represented on the attribute level. The network consists of 11,458 edges and has a total length of 1,119.7 km. 2. For the five other municipalities an OpenStreetMap (OSM) extract from August 2013 was used. In OSM the cross-section of the road is geometrically represented, this means, that every physically separated road or lane is stored as an individual edge. The network in the final version 2 consists of 9,601 edges and has a total length of 941.3 km.
Apart from the geometrical representations, the attributes are structured differently in the two networks. While the authoritative graph is well structured, homogenous and complete, the OSM graph exhibits all characteristics of crowd sourced data (GRASER et al. 2013 , SPIELMAN 2014 , such as incompleteness or attributive inconsistencies.
In order to apply the indicator-based assessment model on a heterogeneous data basis, a meta-level for indicator definition and modelling was introduced. Here it was possible to reflect the different environments, and to harmonize the geometrical and attributive diversities.
Fig. 4:
Location of the study area (left) with different data sources. The data model of the official data (dark green/grey) and OSM (light green/grey) are fundamentally different (right): e.g. separated lanes are geometrically represented in the OSM data, whereas in the official data set they are attributes of the centre-line edge.
Indicator-based Assessment Model Application
The challenge of modelling across different data models is twofold: first, the topology in a harmonized data set needs to be established, and, secondly, the indicators and their corresponding digital representations have to be identified, weighted, and compiled. Therefore, the following workflow (see figure 5) was established: 1. Define transfer points where the two networks are merged. In order to minimize the number of such points the highway bypass around the city of Salzburg with its underpasses and the river Saalach with its bridges was used for the definition.
2. Apply line matching and integrate transition edges where necessary. For the merge of the two networks a line matching algorithm was applied where the number of edges was equal. Where this was not the case, transitional edges (see figure 6 ) were introduced in order to connect the edges and ensure a correct topology. These edges have no impedance and are thus irrelevant for the cost optimization in the routing. 3. Identify relevant indicators for urban and rural environments. For the urban environment, the authoritative data set was used. Rural areas were covered by the OSM data set. 4. Find corresponding attributes which code for the indicators in the respective data sources. Since the data model and the attributive structure are very different for the two data sets, one and the same indicator is represented in various ways. 5. Adapt the indicator-based assessment model for the rural and urban area respectively (compare to the workflow in figure 3 ). The risk scenarios for bicyclists very much depend on the environment. Whereas parking cars in towns are e.g. a potential safety threat, they are irrelevant in the countryside. In return, the maximum speed differs in rural areas, and is generally higher compared to urban environments where the speed limits are more or less constant etc. Additionally, the data availability in the two data sets influenced the composition of the model. 6. Run the model and compute the index value. In order to make the index values for the two sub-regions comparable, a z-transformation is included.
Fig. 5:
Workflow for applying the indicator-based assessment model on diverse data sets: example from case study (left), generic concept (right)
The described workflow can be implemented in any GIS application. For the case study presented here, the whole processing was scripted in Python and run in an ESRI ArcGIS 10.1 environment.
Results
The result of the application of the indicatorbased assessment model on a meta-level is a seamless network graph with a harmonized index value. This value indicates the potential safety risk for bicyclists for every road segment (see figure 6 ). Compared to common assessment methods, this approach has been proven to be much more efficient and sustainable (one setup allows for an arbitrary number of repetitions).
With the application on a meta-level, the model can even be simultaneously applied on different data models with a heterogeneous attributive structure.
The resulting index value can be used in various ways. Maps, such as the one depicted in figure  6 , can serve as an objective basis for status-quo analysis. As the workflow of the assessment model is automated within a GIS, it can be used for simulation purposes: the effect of infrastructural interventions on the whole network can be tested in advance, and thus help to allocate budgets more efficiently. A third application example would be the use of the index value as impedance in a bicycle routing, which prefers potentially safe roads instead of the fastest or shortest route; in such a context, the integration of real-time information is possible through the modelling approach.
Although the indicator-based assessment model has been proven to be an applicable approach, generating valid results has two major downsides -which are in turn subjects for further research -nevertheless should be mentioned here. Firstly, a global model can hardly generate exact results for every part of the area under consideration. Models by definition exhibit a certain amount of fuzziness (caused, e.g., by data biases or wrong model parameters). The further improvement of the results is a major research goal. Secondly, the quality of the assessment results fundamentally depends on the data availability and quality. This is especially relevant in the context of crowd sourced spatial data. How to deal with biased and/or incomplete data in a modelling context is a highly relevant research question.
Fig. 6:
Result of a global road network assessment
